Abstract-A vertical Kelvin test structure is used to measure tln 2 specific contact resistivity of the A1 (1-percent Si) /Si and A1 ( 1-PC rcent Si)/TiSi,/Si contact system. For the vertical test structure, the driving current flows "vertically," thus the current crowdings and sheet resistance effects are eliminated and measurement on the true specific contact resistivity becomes possible. Experimental works show that results obtained by using this vertical structure are closer to the true specific contact resistivities than those obtained by using the conventional six-terminal Kelvin method. It is also found that Rsd, the sheet resistance directly underneath the contact pad, is much less thall that of the conduction bar without the contact pad. A value of (1.17 f 0.17) X SZ . cm2 specific contact resistivity is obtained fcr the A1 ( 1-percent Si) /TiSi2( direct reaction) /Si system.
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Abstract-A vertical Kelvin test structure is used to measure tln 2 specific contact resistivity of the A1 (1-percent Si) /Si and A1 ( 1-PC rcent Si)/TiSi,/Si contact system. For the vertical test structure, the driving current flows "vertically," thus the current crowdings and sheet resistance effects are eliminated and measurement on the true specific contact resistivity becomes possible. Experimental works show that results obtained by using this vertical structure are closer to the true specific contact resistivities than those obtained by using the conventional six-terminal Kelvin method. It is also found that Rsd, the sheet resistance directly underneath the contact pad, is much less thall that of the conduction bar without the contact pad. A value of (1.17 f 0.17) X SZ . cm2 specific contact resistivity is obtained fcr the A1 ( 1-percent Si) /TiSi2( direct reaction) /Si system.
I. INTRODUCTION S f o r I/
PECIFIC contact resistivity pc, defined as (&I/ ill.') -' + 0, is one of the most important parameter,s in studying interfacial properties of metallization systc:lm. Due to the scalings of semiconductor devices in VLSI, the required specific contact resistivity on contact sysl ems in VLSI is in the order of lop6 -lop7 $2 cm2 [l] .
Various contact systems and processes [1]- [3] have !9een studied to give the contact resistance of the above older. However, as the contact resistance is reduced, accru-ate measurement of the "true" specific contact resistivitj. becomes more difficult. Many parasitic effects that were negligible previously become significant in determi ning .quantities of the above order.
In measuring the specific contact resistivity, various ]test structures and methods have been proposed and stucied. Among them are: the two-terminal method by Cox and Strack [4] , the transfer length (TLM) by Shockley [5] , the four-terminal Kelvin method by Cohen et al. [6] , anc! the six-terminal Kelvin method by Proctor et al. [7] . Foj. the former two methods, large errors will result since the :ontact resistance is obtained by calculating small differe Ices of large terms. For the latter two Kelvin methods, nore accurate, if not exact, measurement of the end coxltact resistance Re, or the contact resistance R,, can be obtained. However, two recent numerical studies [8], [!) ] of the six-terminal method showed that, for these two t;Ipes of test structures, the inherent lateral current crowdiq; ef- fects (both horizontal and vertical; see Fig. 1 ) and the junction sheet resistance effect affect the accuracy of the obtained contact resistance values. The reason for this inaccuracy comes from the fact that, for these two types of test structures, the current flows "horizontally" in a diffused bar while the "vertical" interfacial contact resistance is to be obtained. In this paper, a "vertical" Kelvin test structure is presented to measure the "true" specific contact resistivity. For this test structure, the driving current flows "vertically" from the metal contact pad toward the contacted substrate. This eliminates the current crowding effects and the junction sheet resistance effect and makes the determination of the "true" specific contact resistivity possible. Besides, this test structure can be incorporated with the six-terminal test structure and the six-terminal measurement can be performed on the same contact. These two measurement results can be compared to ensure the correctness of measurements. Initial work on this test structure has been reported earlier [lo] .
This test structure is applied to Al( 1-percent Si) /Si and A1 ( 1 percent) /Tis& /Si contact systems to measure their contact resistances. All data show that this vertical test structure can give better measurement on the true specific contact resistivity. From measured values of specific contact resistivities and also the measured "end" contact resistance from the same test structure Rsd, the sheet resistance underneath the contact pad is calculated: It is found that this sheet resistance is much less than that of the conduction bar. Also, a contact resistance of a value of (1.17 + 0.17) x lov7 $2 cm2, measured by using 0018-9383/87/06~~0-1390$01.00 O 1987 IEEE this vertical test structure, has been obtained for the A1 ( 1-percent Si j /TiSi,(direct reaction) /Si system. Fig. 2(a) shows a cross-sectional view of the vertical Kelvin test structure and Fig. 2(b) shows its corresponding top view. Four masks are used to fabricate this structure. Mask 1 forms the isolation p-n junction. Mask 2 forms the heavily doped conduction bar. Mask 3 opens the contact window, and mask 4 defines the metallization pattern. ,Compared to the conventional four-terminal or six-terminal test structure, one extra mask step (mask 1) is needed. The driving current I is forced from pad 1 toward the substrate and the voltage is sensed between pads 2 and 3 along the heavily doped conduction bar. The vertical current flow is restricted by an isolation p-n junction. For this structure, it can be seen that the current flows vertically and only through the contact window; hence, the current distribution in the contact region is metallurgically uniform. No vertical and horizontal current crowdings are expected. The contact resistance R, is thus directly measured with the value of V / I and the specific contact resistivity is A, ( V/Z ), where A, is the contact area through which the current passes. Also, the sheet resistance effect on determining the value of p, becomes minimum since it is not at all involved.
THE VERTICAL KELVIN TEST STRUCTURE
In Fig. 2 , the six-terminal structure is also incorporated and this has two merits. First, the voltage Vcan also be sensed between pad pairs 2-4, 2-5, and 2-6. The obtained values can be averaged with that of the pad pair 2-3 to reduce the error introduced by the experiments. Second, as mentioned previously, a six-terminal measure-' ment can be performed on the same contact and the result obtained can be used to compare with that obtained by the vertical Kelvin method to assure the correctness of measurements. Furthermore, in this structure, the "end" contact resistance Re can also be measured directly. With this measured Re, and the modified transmission line (MTL) model [l I], the "front" contact resistance Rfand the sheet resistance Rsd of the heavily doped conduction bar underneath the contact region can be calculated through the following equations [ 1 11 :
where A // B = AB ( A + B j, d and Ware the length and width of the contact region, and 6 and R, are the alignment tolerance and sheet resistance of the conduction bar outside the contact region, respectively. 
EXPERIMENTS
The test structure of Fig. 2 was fabricated to measure contact resistances. The test structures were formed on ntype substrates of resistivities of 3-5 Q e cm. For the measurement of sheet resistance of the conduction bar, the test patterns of the transfer length structure [l] were also formed on the same wafers. Two different contact system, i.e., Al( 1-percent Si)/Si andAl( 1-percent Si)/TiSi2/Si were used. For the vertical structure test patterns, eight contact sizes ( 5 pm X 5 pm, 5 pm X 10 pm, 10 pm X 10 pm, 10 ,am X 15 pm, 10 pm X 20 pm, 15 pm X 15 pm, 15 pm x 20 pm, and 20 pm X 20 pm) were used for the contact region and the alignment tolerance of the contacts was kept at 10 pm. A set of transfer length test patterns were also fabricated at the same time on the same wafer to measure the sheet resistance of the contact bar. For these transfer length test patterns, six contact windows, each 50 pm X 100 pm in size and spaced apart from 20 to 60 pm in 10-pm increments, were used. The isolation p-n junction was formed by ion implanting BF; with a dose of 2 X 1013/cm2 and was kept shallow in the subsequent heat treatment to reduce the lateral diffusion. The junction of the nc heavily doped conduction bar was also kept shallow by ion-implanting Asi to reduce the current spreading, which will contribute a measurement error to this test structure, in this region. In our experiments, the depths of the n+ junctions were from 0.33 to 0.5 pm for 2 X 10'5/cm2 to 6 X 1015/cm2 ion doses of As+ and the junction depths of the p-isolations were 0.7 pm for a 2 X lOI3/cm2 ion dose of BF: . To form metallization contacts, for the A1 ( I-percent Si) /Si 
IV. EXPERIMENTAL RESULTS AND DISCUSSIONS
For all the test structures fabricated, the Z-V characte:.-. istics were linear at current levels from -5 to 0.5 mF . All the contact resistances were measured within these current levels. Fig. 3(a) and (b) shows the log-log plois, of the measured contact resistances for two wafers of the A1 ( l-percent Si) /Si contact system versus the contact area, where R,, and R, are measured from the vertictl structure and the six-terminal structure, respectively. I a these figures, straight lines obtained by the least squar: fitting are also plotted for each set of data. In Fig. 3 (a3, the slope of the R,, straight line is -1.04, while that of the R,, line is -0.88. In Fig. 3(b) , the R,, line has a slop : of -0.97 and the R, has a slope of -0.95. For an ideal contact, the slope should be -1 to satisfy the square lavt [15] . For both figures, R,, values are closer to the ideal line. Fig. 4 (a) and (b) shows similar plots for the contact system of A1 ( l-percent Si) /TiSi2 /Si formed by tha: coevaporation method and by the direct reaction method, respectively. For both figures, the data points do not givs: good fits for straight lines. However, the slopes of the R, , lines are always closer to -1 than those of R,, lines. The::, are -0.89 and -0.82 for R,, and R,, respectively, irk Fig. 4(a) and -0.85 and -0.76 for R,, and R,,, respectively, in Fig. 4(b) . The reason for these large discrep..
ancies from the ideal value of -1 in these two figure!, mainly comes from the severe nonuniformity at the inter face for the TiSi2 /Si system. (The microscopy observa. tion on the contact area after stripping the contact metal revealed this.) The discrepancy from the ideal value ol' the direct-reaction method is larger than that of the co. evaporation method. This result may be related to the facc that the interface of the former method is rougher thar that of the latter. In the above figures, it is also seen thai the R,, values are always smaller than the R,, values, and 
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CONTACT AREA (urn') (b) Fig. 3 . The contact resistances of AI( l-percent Si) /Si for (a) an ion dose of As+ = 6 X 10'5/cm2 and (b) an ion dose of As' = 2 X 1015/cm2 are plotted versus the contact area, where R,, and R, were measured from the vertical structure and six-terminal structure. The straight lines are obtained by the least square fitting method for two sets of measured values, respectively. the differences become larger for a larger contact area. This is expected since R,, values do not include the current crowding and the sheet resistance effects. For constant alignment tolerance of the contact, when the contact window is larger, these current crowding and sheet resistance effects become more serious. This phenomenon had also been predicted by [8] .
The apparent specific contact resistivity of contact systems was measured with the vertical structure ( p,,) and the six-terminal method ( p,) for keeping the contact size constant. Fig. 5(a) and (b) shows plots of pcv versus p,, with the contact areas being 20 pm X 20 pm and 20 pm X 15 pm, respectively. The various contact resistivities were obtained by implanting various doses of As+ onto contact windows. For both figures, it is seen that pc,/pcv deviates more from 1 for smaller specific contact resistivities. Since it has been predicted that pcs deviates more from the true value of p, as pc becomes smaller 191, this indicates that pcv does give the closer value to the true specific contact resistivity.
Since the end contact resistance R, can also be mea- sured from the test structure of Fig. 2 , it was measured along with R, for different contact areas. Fig. 6(a) shows the plots of the measured Re and Rc values versus contact areas in linear scales for the Al/ ( 1-percent Si) /Si system. In the figure, the experimental Re values were used to fit (1) to obtain the value for Rsd, the sheet resistance underneath the contact pad. In the fittings, R, was obtained from the separate TLM test structures that were fabricated on the same wafer. For this case, R, was obtained to be 46.5 Q / 111 and the derived Rsd value was 20.5 Q / 0. The fitted curve based on (1) for Re is plotted in the figure as the dotted curve. Also, the obtained R, and Rsd values can be used to compute Rf from (2) . In the L figure, it is plotted as the solid curve. It is seen that the Rf curve is above the R, and Re curves in the figure, as it should be [ 111, [ 161. It is worthwhile to mention that, in obtaining Rsd from (l), if pcs, instead of pcv, was used for p,, the errors in the least square fittings were much larger than that of the case when pcu was used. Fig. 6(b) shows the fitted curves, for pcs cases with three R,, values. It is seen that even for Rsd = 46.5 Q / 0 = R,, the computed R, curve is still above the measured R, values. The Rsd values obtained with the above method were much less than their corresponding Rs values. Finally, the specific contact resistivities, measured by using the vertical Kelvin test structure, for these two metallization systems are plotted versus the surface implanted doses in Fig. 7 . In these plottings, the contact areas were assumed to be uniform for the A1 ( 1-percent Si) /TiSi2/Si system during the computation of pc. For both contact systems, p , drops nearly two orders of magnitude when the ion dose increases from 2 X 10'5/cm2 to 6 x 10'5/cm2. For the A1 ( 1-percent Si) / Si contact, p, is always less than that of the AI ( 1-percent Si) / TiSi2 /Si contact for the same ion dose.
For the Al( 1-percent Si) /TiSi2( direct reaction) /Si system, a p c value of ( 1.17 In the experiments, it was also observed that the pc value for the A1 ( 1 -percent Si) / TiSi2 /Si system obtained by the direct-reaction method was always less than that obtained by the coevaporation method. It should be mentioned that for this vertical Kelvin test structure, besides the interface nonuniformity, the errors mainly come from the misalignment of the first mask to ~b r m the isolation p-n junction and the third mask to open \I he contact window. When this happens , the current flow i s not strictly vertical at the periphery of the contact region. In experiments, it was found that, for some wafers, tile R,, as well as the R,, values obtained from one arm of the implanted bar were always larger than those obtained fiom the other arm. This indicated that a misalignment existed. Hence, averaging the four R,, values obtained by sensing on pad pairs 2-3, 2-4, 2-5, and 2-6 is a necessity. Other factors for causing errors in this test structure are the lateral diffusion and the depletion width of the isolation p-n junction. However, these errors can be minimized by taking into account the lateral diffusion and the depletion width during the mask design. Figs. 3-7 , it can be concluded that the vertical Kelvin test structure does give better measurement on the specific contact resistivity. The current crowding effects and sheet resistance effect that are intrinsically inherent in other "horizontal" test structures are eliminated if the misalignment and the lateral diffusion effects, which technically can be reduced to a minimum, are taken care of for this vertical test structure. If the contact interface is uniform, the measurement on the ''true" specific contact resistivity becomes possible.
V. CONCLUSIONS From results depicted in
Also, in this work it was found that Rsd is much less than Rs. This confirms the results obtained in [17] . Finally, a specific contact resistivity of the value of ( 1.17 -+ 0.17 ) X loF7 D -cm2, measured by the vertical test structure, for the Al( 1-percent Si) /TiSi2(direct reaction) /Si system, has been obtained.
